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%e have calculated two linear polarization effects in the elastic scattering of x rays and y rays (in
the energy range a few keV to little above 1 MeV) from targets with Z ranging from 13 to 92, using
Rayleigh scattering amplitudes obtained numerically with the procedures of Kissel et al. %e con-
sider both polarization of an unpolarized beam in scattering and asymmetries in the scattering of an
initially polarized beam. Contrary to the simple form-factor predictions these polarization effects
depend on atomic number (Z) and photon energy (E). Results obtained using only K-shell Ray-
leigh amplitudes are not too different from those using total-atom amplitudes. In some cases polari-
zation properties are more sensitive to Delbruck amplitudes than the differential cross sections.
Theoretical predictions are compared vrith the limited experimental data for both types of measure-
ments.

I. INTRODUCTION

With the availability of more exact Rayleigh scattering
amplitudes, ' it has been possible to investigate in greater
detail the various aspects of elastic scattering of y
rays. s In this paper we study polarization effects asso-
ciated with elastic scattering of x rays and y rays from
unpolarized targets, using these more exact Rayleigh am-
plitudes. We note a revival of experimental interest ' in

studying these polarization properties and we anticipate
further use of synchrotron radiation in polarization stud-
ies. %e also note interesting recent experimental work on
magnetic scattering, ' which goes beyond our present for-
malism. Studies of the polarization effects in elastic
photon-atom scattering require improvement, both from
the point of view of theory and of experiment. Polariza-
tion experiments have so far been carried out only using
low-resolution scintillation detectors. Use of high-
resolution semiconductor detectors is expected to produce
more accurate data and consequently more reliable infor-
mation on the physical processes involved. Qn the
theoretical side, the earlier predictions are based either on
form-factor (FF) approximation or numerically calculated
E-shell (not full-atom) amplitudes obtained by Brown and
his group' for the single element mercury at four ener-
gies. Form-factor approximation often fails to give good
predictions for the differential cross section, ' ' and we
shall see that the same is true for polarization properties.
The FF prediction is very simple: polarization properties
are independent both of the atomic number of the target
element and of the energy of the photon. Brown's ampli-

tudes, on the other hand, can only be justified when
scattering from K electrons dominate, they are inaccurate
in some cases, and the data is too limited to permit inter-
polation in Z.

In view of these considerations, we present a study of
the dependence of polarization properties of scattering
amplitudes on scattering angles, atomic number of the
target, and energy of the photon W. e compute polariza-
tions and polarization asymmetries using "exact" ampli-
tudes obtained numerically through the multipole expan-
sion of the second-order S-matrix element. We present
predictions for photon energies in the range from 145 to
1332 keV and for a range of target elements from alumi-
num (Z=13) to uranium (Z=92). We describe in Sec. II
the observables of elastic scattering, the scattering ampli-
tudes, and their properties. There are two primary experi-
mental procedures to measure polarization properties: (1)
measuring the polarization of scattered photons from an
unpolarized beam, (2) measuring the asymmetry in
scattering by a polarized beam. We present the principles
of these measurements in Sec. III. Comparisons of our
predictions with available experimental results are
presented in Sec. IV. We also discuss the validity of
simpler form-factor predictions and the sensitivity of re-
sults to various component contributions. Some con-
clusions are given in Sec. V.

II. OBSERVABLES, SCATTERING AMPLITUDES,
AND THEIR PROPERTIES

Elastic scattering of photons by an atom is a process in
which the internal energy of the atom does not change
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and the incident and scattered photons have the same en-

ergy. The atom is a composite system and all its constitu-
ents (nucleons and bound electrons) contribute to the
scattering of photon. To a good approximation the ampli-
tudes for scattering from these constituents may be taken
as additive, summed to form the total scattering ampli-
tude. The bound-electron contribution is referred to as
Rayleigh scattering. The contributions from the nucleus
consist of nuclear Thomson scattering (classical Thomson
scattering considering the nucleus as a charge distribution
or, for the energies of this work, as a point charge) and
nuclear resonance scattering, virtually exciting the nuclear
structure. In addition there is Delbruck scattering off the
vacuum fluctuations in the atomic field. A further physi-
cal assumption in this calculation is that we consider the
scattering process as an isolated photon-atom interaction.
We also assume no polarization properties of the target
are observed.

With these assumptions, the observables of elastic
scattering are simply the momentum and polarization
(k;,e;) and (kf, ef ), of incident and scattered photons, to-
gether with the nuclear charge Z of the atom from which
scattering occurs.

For elastic scattering,
I k; I

=
I kf I

=co/c and the gen-
eral form of any of the terms contributing to the total
scattering amplitude is

A =M(e; ef')+N(e; nf)(ef' n;) .

Here n; and nf are unit vectors along k; and kf and the
amplitudes M and N depend on the energy of the photon
co and the scattering angle 8. If A represents the total
scattering amplitude summed over all contributions, then
the differential elastic scattering cross section is

= IA I'.
The complex polarization vectors e satisfy the conditions

e* a=1 e k=O .

Alternatively, polarization of a photon can be described in
terms of the real Stokes parameters"

gi =E»E» Ey Ey, ('2—='6»E'y+e»Ey'
$3 =i (E»Ey E»Ey ) ~—

where e=e„x+eyy with
I e»

I
+

I ey I
=1 and (x,y, k) a

complete orthonormal set of unit vectors. Note that for a
given photon

ki+k+4=1
so that

I g„ I
&1 and only two are independent. The g„

do not specify the absolute phase of e, which is not an ob-
servable of these processes. The Stokes parameters g„
characterizing a beam of photons of given momentum
may be defined as an average over Stokes parameters of
individual photons. In this case

(g'i+$2+$3)' (1
and measures the degree of polarization of the beam.

In addition to the pair of invariant amplitudes (M,X),

0; 'Rf = 1, L; 'RII=cosH, 0; &II'=8; Qf =0 .

Then, one may write

"=~~) ~)~ "II+~"~f "i
where

All
——Mcos6I —csin'e, W, =M . (10)

Note that the form (9) indicates that if photon polariza-
tion is initially parallel or perpendicular to the scattering
plane, it continues to have that property after scattering.
On squaring, the general cross section may be written in
terms of the Stokes parameters, taking the directions
x=8~~, y=Q, z=k (so that y perpendicular to the
scattering plane is common to both coordinate systems):

~~
=

~ (
I ~&( I'+

I
~i

I
')+

~ kik f( I ~(( I

'+
I
~i

I

')

+ —'(
I ~i) I

'—
I
~i I ')«ii+&if)

+ 4 (3
~ ~

2 j + /4
f J

3J )(g2; $2f +g3 ' $3f )

+ 4i(~~~~& ~(~~&)(ki42f+(2i(3f)

Note only three of these four combinations of amplitudes
are independent, corresponding to not observing the
overall phase of the scattering amplitude A. Explicitly,

The unpolarized scattering cross section, corresponding
to an average over incident-photon polarization and a sum
over scattered-photon polarization, is immediately ob-
tained from Eq. (11) as

unpol =-'(
I ~(( I'+

I
~i I') .

Three other combinations of these amplitudes may be
studied if polarization properties are observed, but only
one unless both initial- and final-state polarization proper-
ties are observed. If Eq. (11) is averaged over incident-
photon polarizations (unpolarized beam, characterized by
all Stokes parameters for the beam being zero) the result-
ing cross section for a specified outgoing photon state is

two other choices are often made: linear polarization am-
plitudes (A~~, Ai ) and circular polarization amplitudes
(&/sF, AsF) correspollding to no spin-flip or spill-flip.
Here we need only consider (A~~, Ai ), which are obtained
by resolving the photon polarization vectors into corn-
ponents parallel and perpendicular to the scattering plane,

e=e~~e ~~+a'e'

whcrc E ll and 6 arc unit vectors parallel and pcrpcndlcu-
lar to the plane, both perpendicular to the photon propa-
gation direction k. One has



S. C. ROY, B. SARKAR, LYNN D. KISSEL„AND R. H. PRATT 34

= —.'(
I A[~ I'+

I
Ai I')+ &4if ( I A~~ I' —

I Ai I') .

Thus the outgoing beam is partially linearly polarized in
an amount characterized by P (degree of polarization),
with

I A~~ I'+
I
Ai I'

$2f ——(3f=0 .
(15)

Alternatively, for an incident photon beam characterized
by a certain known degree of linear polarization gi;, the
intensity of the outgoing beam (polarization of the outgo-
ing beam not measured) will be given by

d~
=

~ (
I A(( I

'+
I
Ai

I
')+ 44ii( I A() I

'—
I Ai I

')

kz =hi=0. (16)

~
= 4( IA)( I'+

I Ai I')+ 4$3i(3f(A[[Ai+A[[Ai)

and so A~~Ai +A~~Ai can be measured if final circular
polarization $3f is observed. The same combination could
be measured considering linear polarization at 45 in the
incident and scattered beam:

Since gi; is defined in terms of the scattering plane, a 90'
rotation of the scattering plane will change the sign of g„
and so the observed intensity at the same scattering angle.
Therefore we see that, considering polarization of only
one of the incident or the outgoing photon, one can get in-
formation only about the one combination of amplitudes

~ A~~ [
—[Ai

~

. (Both types of experiments, namely,
starting with an incident unpolarized photon beam and
measuring the linear polarization of the outgoing photon,
or starting with a linearly polarized photon beam and
measuring the intensity of the outgoing photon, have been
performed. )

To get information on the other combinations of ampli-
tudes, experiments observing polarization of both the in-
cident photon beam and the scattered photon beam are
necessary. All such experiments are difficult and none
have yet been performed. As an example, the cross sec-
tion for a circularly polarized photon beam with degree of
circular polarization g3; will be

A& —— f(q), A
~~

= —f (q)cos8 . — (20)

Thus polarization P calculated from Eq. (15) using any
form-factor theory is independent of target atom and pho-
ton energy, and is given by

21 —cos 8
(21)

1+cos~8

Similarly, from Eq. (16), the asymmetry in the scattering
of a polarized beam will be independent of target atom
and photon energy in form-factor approximation.

be important from photon energies below and around 1

MeV, particularly at intermediate angles. %'e include the
Delbruck amplitude as calculated in Born approximation
by Kahane' and Papatzacos and Mork. ' To obtain nu-
clear Thomson (NT) amplitudes at these energies we may
take the nucleus as a point charge and write

2

A Ng
—— ro, A gg ——A Ngcos8 .

—Zm
M

(19)

Here m /M is the ratio of the electron rest mass to the nu-
clear mass and 8 is the angle of scattering.

Rayleigh scattering amplitudes are obtained numerical-
ly in partial waves for inner-shell electrons 2 the contri-
butions from outer-shell electrons are obtained using the
prescription in Ref. 1 subsequently refined in Ref. 2. To-
tal A~~ and Ai amplitudes are calculated by adding the

A~~ and Ai amplitudes of all the coherent contribution
terms. The degree of polarization P is then calculated us-

ing Eq. (15) and the asymmetry in scattering obtained
from Eq. (16).

Simple approximate prahctions for Rayleigh scattering
amplitudes are obtained in form-factor approximation.
This approach, adequate in certain circumstances, is also
popular due to the relative ease of calculation of FF's and
due to their availability in tabular form. FF theories are
basically high-energy-limit small-momentum-transfer
theories which also neglect small terms of order (Za) .
Form factors are functions of momentum transfer q and
Z, but not of energy or angle separately. Form factors,
the Fourier transform of the atomic charge distribution,
are available for nonrelativistic' and relativistic' distri-
butions. There is also a significantly better (though more
complex) relativistic theory which includes binding-energy
corrections for the electrons, known as the modified
form-factor approximation. '6 In the form-factor approxi-
mation (nonrelativistic, relativistic, modified), Rayleigh
scattering amplitudes are given by

0 = &( I A~[ I'+
I
Ai I')+ ~Riff(A[]A&+AIIAi) .

The third combination would require, for example,
measuring circular polarization in one beam and a suitable
linear polarization in the other.

Of the different coherent contributions constituting
elastic scattering (Rayleigh, nuclear Thomson, Delbruck,
and nuclear resonance), in the energy range of our interest
the contribution of nuclear resonance scattering is very
small and can be neglected. Delbruck scattering begins to

III. EXPERIMENTS

So far experiments have been performed examining
some of the linear photon polarization properties of elas-
tic scattering. Two types of experiments have been done,
as illustrated in Fig. 1. In either case the measurable
quantity is the intensity of a scattered beam. In one group
of experiments (we call these type A), unpolarized photon
sources have been used to provide the incident beam for
the scattering experiment. The incident beam is elastical-
ly scattered from a chosen target, and the linear polariza-
tion P [equivalent to /if of Eq. (15)] of the scattered pho-
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in terms of the combination P of amplitudes defined in

Eq. (15). Thus experiments of type B lead to a value for
the same quantity I' that is measured in type-A experi-
ments.

In type-A experiments, the polarimeter usually consists
of three scintillation detectors: one central detector and
two side detectors. The elastically scattered photon beam
from a chosen target [partially linearly polarized perpen-
dicular to the elastic scattering plane —since generally

I
Ai

I
&

I
A

~~ I

—with a negative g'if as in Eq. (15)] is in-

cident on the central detector, which acts as a Compton
scatterer. The intensities of the Compton-scattered pho-
ton beam are measured by the two side detectors. The in-
tensity of the photon beam after Compton scattering
through an angle 8, is (see Ref. 11)

=[1+cos 8, +(ko —k)(1 —cos8, )]—g, (sin 8, ),
Tar

elastic placed ll

ornpton

g plane

Cornpton
Scatterer

Incident Unpolarized
Photon Beam

FIG. 1. Schematic diagram of two types of polarization ex-

periments performed in the energy region of our interest.

where g, is the polarization of the incident beam relative
to the Compton scattering plane. In practice one mea-
sures the intensities separately by two detectors placed
parallel and perpendicular to the elastic scattering plane,
corresponding to taking g, =+gf, i.e., polarization gen-
erally perpendicular or parallel to the Compton scattering
plane. Experimental results are often expressed in terms
of the asymmetry ratio R of these two intensities,

(
I
~

ii I

'+
I ~i I

')+4c(
I
~

(( I

' —
I
~i

I

')
(

I ~(( I'+
I
~i I') —4'. (

I ~)) I' —
I ~i I')

1 g,P-
1+g,P

(23)

ton beam is determined, using a polarimeter based on
Compton scattering. '

In another group of experiments (we call these type 8),
an incident unpolarized photon beam is first Compton
scattered to produce a partially polarized photon beam.
The degree of polarization of the beam produced due to
Compton scattering (g, ) is given as"

—sill 8q
(22)

1+cos 8, +(ko —k)(1—cos8, )

in terms of the Compton scattering angle 8, and the in-
cident and scattered photon energy ko and k (in units of
mc ). Note this is always negative, corresponding to par-
tial polarization perpendicular to the plane of Compton
scattering. This polarized photon beam is then elastically
scattered from a chosen target, and the intensity [Eq. (16)]
of the elastically scattered photon beam is measured.
In practice one measures the intensity separately in two
plane!~parallel and perpendicular to the Compton scat-
tered plane —corresponding to taking gi; ——+g„ i.e., polar-
ization perpendicular or parallel to the elastic scattering
plane. Experimental results are often expressed in terms
of the asymmetry ratio R of these two intensities as

[1+cos 8, +(ko —k)(1 —cos8, )]—(if(sin 8, )

[1+cos 8, + (ko —k)(1 —cos8, )]+(if(sin 8, )

(25)

1+@f4. 1 Pg, —
1+P(,

(26)

Since g, can be calculated, the measurement of R in
type-A experiments indeed leads to a value for P.

Thus far all these experiments have been done using
scintillation detectors, which possess low energy resolu-
tion compared to the high-resolution semiconductor
detectors now available. It is to be noted that (accurate)
Compton polarimeters based on Ge(Li) detectors have
been developed in recent years.

%'e should note that the dependence of photon scatter-
ing cross section on bound-electron spin has been stud-
ied, using 129-keV circularly polarized y rays from an
' 'Os source, scattered through angles from 21 to 55' by a
magnetized iron-cobalt alloy target. The formalism used
in this work to compute Rayleigh scattering amplitudes
would have to be extended before this experiment can be
compared with our theory.

The Compton factors of Eq. (25) can all be expressed in
terms of the quantity g, as defined by Eq. (22), while

(if =P according to Eq. ( 15), so that
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IV. RESULTS

Here we compare our results with other theoretical
values and the values obtained from experiments. We also
present information on the sensitivity of polarization to
the contributions of outer-shell electrons and component
coherent amplitudes.

We present, in Figs. 2—4, the variation of linear polari-
zation with scattering angle for three different elements
(aluminum, molybdenum, and uranium) at different pho-
ton energies. Also shown in the figures are the form-
factor result, represented by a dashed curve (independent
of energy and element). It is evident from these figures
that polarizations do change with energy, in contrast to
form-factor predictions, which are most successful at low
energies. The change is appreciable beyond low-Z ele-
ments (thus also demonstrating Z dependence). The form
factor predicts that maximum polarization (i.e., all pho-
tons with polarization vectors perpendicular to the plane
of scattering) always occurs at a 90' angle of scattering.
We observe that except for low-Z elements the maximum
is not at 90' and shifts with energy. In form-factor ap-
proximation, a zero is predicted at 90' for scattering of
photons of linear polarization parallel to the plane of
scattering (i.e., A~~

——0). Our amplitudes strongly violate
this prediction at all but the lowest energies. Instead of
A

~~
going through zero at 90' as in the form-factor predic-

tions, we find that the real part of A
~~

has a sign change
usually well before 90' (as early as 60' in the case of lead,

l.0

0.8
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I

0.6

0.2

0
0 50 60 90 l20 l50 l80

8 (deg}

FIG. 3. Variation of polarization with scattering angle for
molybdenum (Z=42) at different photon energies, according to
our calculations. The dashed curve again shows the energy-
independent FF values.
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FIG. 2. Variation of polarization with scattering angle for
photon energies 145 and 889 keV for aluminum (Z=13), ac-
cording to our calculations (solid curves). The dashed curve
shows the energy-independent PF values.

50' in the case of molybdenum at 1332 keV} and the imag-
inary part of A

~~
has a sign change well below 90' (as early

as 45') for energies below the pair-production threshold
and well after 90' (as late as 120' in the case of lead, 127.5'
in the case of molybdenum at 1332 keV} for higher ener-
gies. We observe that form-factor-predicted values of po-
larization agree well with our values for low-atomic-
number elements, at lower energies (which are, however,
still well above threshold energies), and when the momen-
tum transfer is not too large. We have observed essential-
ly form-factor-like behavior for lead at 37 and at 8 keV.

The variation of polarization with target atomic num-
ber Z for different photon energies at three different
scattering angles is presented in Fig. 5. %e observe that
polarization is almost independent of Z at low photon
momentum transfers (for 145 keV at all angles except
back angles), which one expects from form-factor predic-
tions.

We observe (Table I) that in these situations linear po-
larizations calculated using Rayleigh amplitudes for
scattering off electrons of the innermost shell (K shell) or
from a few inner shells (e.g., E and L shells) do not differ
appreciably from those obtained from Rayleigh ampli-
tudes for all the electrons of the atom. This happens even
~hen the photon energy is not too much above the E
threshold (for example, in the case of 145 keV for lead).
Either polarization is form-factor-like and independent of
shell (low energy) or it is I(.-shell dominated (high ener-
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Thomson amplitudes. Within the energy range of interest
of this paper, scattering at large angles ()90'} from
high-Z targets at energies above and around 1 MeV is ap-
propriate to observe the real part of the Delbriick ampli-
tude. One commonly used approach is to measure the to-
tal elastic scattering cross section and compare it with the
theoretical cross sections with and without including a
given individual amplitude contribution (Rayleigh, nu-
clear Thomson, or Delbriick). In a similar way we may
study the sensitivity of polarization properties in elastic
scattering of y rays to the Delbriick amplitude. To com-
pare the sensitivity of cross section vis u vis polarization to
Delbriick scattering we present in Table II polarization
and cross-section values for lead at large scattering angles
for three different photon energies. The subscript
R+ NT means only Rayleigh and nuclear Thomson am-
plitudes are considered in computing the corresponding
quantities, whereas tot means Delbriick amplitudes are
also included with Rayleigh and nuclear Thomson ampli-
tudes. We see from Table II that the polarization is ap-
preciably more sensitive to Delbruck amplitudes than
cross sections. This is because in this range of photon en-
er y the parallel component of the Delbruck amphtude
A ~ is becoming more dominant compared to AD with in-

creasing angles and thereby P [Eq. (15} changes greatly
without making a large change in

~
AJ

~
+

~
AD

~

. Of
course it is also true that a cross-section measurement is
easier than a polarization measurement. For instance, in
an optimum case (Pb at 1332 keV at 120') one would need
to compare the merits of distinguishing 10% polarization
from 20% polarization versus a 25% difference in cross
section.

%'e next compare our results with the polarization
values obtained from experiments (Table III). As we said
before, in one type of experiment the polarization of the
outgoing photon beam after elastic scattering at a chosen
scattering angle is measured (type A). With this type of
experiment, measurements of polarization have been pri-
marily performed for a single element, lead, for y rays ob-
tained from radioactive Co (y-ray energies 1.332 and
1.177 MeV, averaged as 1.25 MeV) in the range of scatter-
ing angles 40'—105' (Refs. 17, 19, 22, and 23) (also for
mercury at 70' angle of scattering '); for 662-keV photons
for 64', 90', and 120", for 412-keV photons at a 90'
angle of scattering and for 280-keV photons at 93.5'
and 120' angles of scattering. '

In the other type of experiment, in which a partially po-
larized photon beam is incident on a chosen target and the
intensities of the hearn after elastic scattering are mea-
sured (type B), the asymmetry ratio R [Eq. (23)] was mea-
sured, for lead for photon energies corresponding to
0.56mc and 0.78mc (where the rest energy of the elec-
tron mc is 511 keV) in the range of scattering angles 45'
to 105', and for mercury at scattering angles 65', 90',
and 110 for energies 1.28mc (Ref. 26) and at 90' for
0.64me .

%e present in Table III the experimental values of po-
larization together with the theoretical values obtained
from the present calculation. As two different types of
experiments are involved, we present the results in Tables
III(a) and III(b). (a) includes values obtained from experi-
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TABLE III. Comparison of experimental polarization ( P) and asymmetry ratio ( R) values with the theoretical values. (a) presents

experiments where polarization of elastically scattered photons has been measured (type A in the text) and {b) presents experiments

where elastic scattering cross sections of polarized photons have been measured. E is shown when reported experimentally, and in

these cases we have calculated the corresponding experimental P.

Energy
(keV)

8
(deg) Element

Asymmetry ratio 8
Expt. Theo r.

Polarization P (%)
Expt. Theor.

280

412
662

93.5
120
90
45
60
64

105
120

53
40
45
50
60

64
70
80
90

105

Lead
Lead
Lead
Lead
Lead
Lead

Mercury
Lead
Lead
Lead
Lead

Lead
Lead
Lead
Lead

1.41%0.04 (Ref. 20)
2.12%0.04 (Ref, 20)

2.75%0.05 (Ref. 20)
1.96+0.04 (Ref. 20)

1.31+0.12 (Ref. 20}

2.3 +0.1 {Ref. 21)

1.80
2.84

3.66
2.63

1.78

96 k6 (Ref. 19)
42.5+5 (Ref. 19}
74 +10 (Ref. 17)
29.4+0.5

62.1+1.2
96 +8 (Ref. 18)
94 k9 (Ref. 19)
80.8+1.4
56.2+1.1

78 +8 (Ref. 18)
90 +14 (Ref. 19)
83 +3 {Ref. 17)
23,2+2. 1

28.4+6.5 (Ref. 18)
33 +7 (Ref. 19)
94.1+4.1

52.4+12.6 (Ref. 23)
32.4+8.5 (Ref. 22)
78.1+13.0 (Ref. 23)
87.9+9.1 (Ref. 23)

100.1+5.8 (Ref. 22)
100 +15 (Ref. 19)
56.2+7.0 (Ref. 23)
25.7+12.0 (Ref. 23)
27 +4.6 (Ref. 22)
15.7%6.4 {Ref. 19)
6 +2.5 (Ref. 17)
1.36+6.3 (Ref. 22)

90
42.9
89.6
50,4
85.1

93.7

98.9

77.4

46.9
24.77

99.7
58.7
77.2
93.1

94.4

65.8
40,2
25.5

15.5

286b

(0.56mc )

327'
(0.64mc ~)

398
(0.78m' ~)

654'
(1.28me }

45
60
75
90

105
90

45
60
75
90

105
65
90

110

Lead

Mercury

(b}

1.50 +0.02 (Ref. 24)
2.17 +0.04 (Ref. 24)

2.99 +0.07 (Ref. 24)
3.36 +0.11 (Ref. 24)
2.15 +0.21 (Ref. 24)
1.711+0.064 (Ref. 25)

1.41 +0.02 (Ref. 24)
1.91 +0.03 (Ref. 24)
2.48 +0.06 (Ref. 24)
2.63 J0.09 {Ref. 24}
1.76 +0.18 (Ref. 24)
1.868+0.082 (Ref. 26)
1.423+0.104 (Ref. 26)
1.295%0.205 (Ref. 26)

1.60
2.45
3.53
3.33
2.33
1.815

1.S8
2.28
2.92
2.62
1.92
1.865
1.664
1.246

34.5+0.5
63.6+1.2
85.9+2.0
93.3+3.0
62.9+6.1

85.4+3.2

34.0+0.5
62.5+1.0
85.0+2.0
89.8+3.0
55.1+5.6
94.0+4. 1

54.2+3.9
39.9+6.3

39.8
72.5
97.9
92.8
69.1

94.3

45.3
78.3
98.1

89.6
63.2
93.7
77.4
34.0

'Calculations are for a photon energy of 1332 keV.
Calculations are for 279 keV.

'Calculations are for 320 keV.
dCalculations are for 411.8 keV.
'Calculations are for 661.6 keV.
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I.Q

0.6-
0.2-

1.4

1.0

06
1.4

1.0--

0.6
1.4

I.O

(INefcury, 8=85 )

g= es'

(8=~o )

(8= 50 )

g=so

g=75'

g= 90

ments of type A and (b) includes values obtained from ex-
periments of type B. The comparison between theory and
experiment is also represented in Fig. 6, showing the ratio
of experimental polarization to the theoretical values
(I',„z,/I', h~~) for different photon energies and scattering
angles.

As seen from Fig. 6, experimental values in general (ex-
cept for the largest angle 8=120' case) tend to be lower
than the theoretical values. The agreement between
theory and experiment is mixed; in some cases there is
agreement within experimental uncertainty and in some
cases there is not. Quoted experimental uncertainty in
type-8 experiments, particularly for relatively small an-
gles of scattering, seems rather small, considering the
types of detectors and experimental arrangements.

V. CONCLUSION
CL

Q 6
CL

0.2-
1.4

I.Q
(S=i&O ) g=~os'

0.6 .
0.2-

1.4-
g=izo

I.Q
0 Q 2 06 I 0

Energy (Mev)

FIG. 6. Comparison of experimental polarization values with
theoretical values, shown as the ratio of experimental to theoret-
ical values (&zzpt/+tp~~) for lead at different photon energies
and different angles of scattering. Open symbols represent ex-
periments of type 8 (see text for details). 4„, Ref. 17; x, Ref.
18;P Ref. 19; 0, Ref. 20; +, Ref. 22; ~, Ref. 23; 6, Ref. 24;
o, Ref. 25; g, Ref. 26.

The present extent of experimental knowledge is inade-
quate to characterize the general photon-atom scattering
matrix element. It will be necessary to specify polariza-
tion of both initial beam and scattered photons, including
at least one measurement of circular polarization.

The linear polarization of elastically scattered y rays
varies with atomic number of the target and incident pho-
ton energy, contrary to form-factor predictions.

Polarization properties of Rayleigh amplitudes are not
very sensitive to outer-electron scattering amplitudes in
the regimes considered here. Inner-electron amplitudes
alone are sufficient to produce reasonably accurate polari-
zation values at these energies as long as Rayleigh scatter-
ing dominates the total amplitude.

For photon energies around and little above 1 MeV and
at larger scattering angles (the conditions appropriate to
obtain a significant real part for the Delbruck amplitude)
measurement of polarization may be a more sensitive tool
than the measurement of scattering cross sections.

The general trend of the data, that experimental values
are lower than theory, as well as the scatter between ex-
perimental values obtained by different group of workers,
suggests a need for precision measurements of polariza-
tions properties using high-resolution Ge(Li) detectors.
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